Objective: An evaluation of the cognitive processes used in the translation of a text clinical guideline into an encoded form so that it can be shared among medical institutions.
INTRODUCTION
In response to increasing economic pressures and a demand for a reduction in practice variation, there has been a growing emphasis on the production of computer-based clinical guidelines to support medical practice. The challenges associated with encoding clinical guidelines, and sharing them among institutions with disparate computing environments, have accordingly been among the focused research areas for participants in the InterMed Collaboratory 1, 2 , a collaborative partnership among investigators from Columbia, Harvard, and Stanford Universities, with evaluation support by researchers from Cognitive Studies in Medicine, a part of the Centre for Medical Education at McGill University. Such collaboration among geographically distributed organizations with different goals and cultures provides significant challenges. The principal mandate for InterMed's participants has been to join in the development of shared infrastructural software, tools, and system components that will facilitate and support the development of diverse, institution-specific applications. The standardized implementation and sharing of clinical guidelines is one such effort, with broad potential applicability in local patient-care settings supported by the collaborating groups and, in time, for distribution to the general medical-informatics community.
One experimental question, underlying all that InterMed has set out to achieve, is whether modern communication technologies can effectively bridge such cultural and geographical gaps, allowing the development of shared visions and cooperative activities so that the end results are greater than any one group could have accomplished on its own. In another report we summarized the InterMed philosophy and mission, described our progress over three years of collaborative activities, and presented study results regarding the nature of the evolving collaborative processes 2 . As is described in that paper, a major effort in the past two years of InterMed collaboration has been the development of a common language for representing clinical guidelines, the GuideLine Interchange Format (GLIF). A discussion of the syntax of GLIF, including a description of its use in encoding a variety of guidelines, is available elsewhere 3 and
will not be included in this report. The advantages of using a common format such as GLIF include support for the collaborative development of guidelines, minimization of duplication by facilitating the sharing of guidelines among institutions, and enhanced mechanisms for updating the guidelines as medical advances occur.
The burgeoning interest in clinical guidelines has tended to focus on the creation of the guidelines through a professional consensus process, generally guided by relevant articles from the clinical literature. The successful dissemination of those guidelines, once created, has been limited, largely depending on published monographs or articles which assume that clinicians will read such information and incorporate it into their own practices. Because it is unrealistic to expect clinicians to read and internalize all the published guidelines that are available, several organizations and investigators have begun to look to automated methods for delivering a guideline's logic to a practitioner when it is most relevant to the care of a patient-while that 
InterMed's goal is to make available to health-care organizations the GLIF representations of such authoritative clinical guidelines so that they may be locally adapted for use with local medical information systems and then presented to practitioners as the clinicians care for patients. However, as is represented in Figure   1 , there are many translation steps that occur before the GLIF-mediated guideline can be made available to a clinician. In broad terms, these steps can be categorized by the location at which such translations occur:
INSERT FIGURE 1 ABOUT HERE 1) Generation of the paper guidelines at authoring institutions. This step involves evidencebased consensus development, generally through examination of reports in the scientific literature.
2) Translation of the paper guidelines into GLIF representations at InterMed sites (either manually or with the use of Stanford's Protégé system 5 or Harvard's Geode system 6 , two separately developed diagrammatic authoring tools that can be used to generate GLIF encodings of clinical guidelines).
3) Implementation of the GLIF representations within the clinical institution's application system. Such adaptation may be largely automated, depending on the nature of the local system and possible institutional requirements for changes to the recommendations that a guideline may generate. It is unlikely that any organization will accept a generic guideline without at least some minor local modifications.
4) A clinician's interpretation of the guideline as it is represented in the guideline
applications, which in the case of InterMed's ongoing efforts is intended to occur using the existing clinical information systems at MGH and CPMC.
In this paper we examine in detail the second step in this process-the mechanisms and
cognitive processes by which individuals analyze a text protocol document and convert it into an encoded representation of the guideline's logic. Our goal in such a study is to understand the kinds of expertise that are required by individuals who do such translations, to gain insight into the reproducibility of the process, and to develop criteria to assist in the design and refinement of authoring environments (such as the Protégé 5 and Geode 6 systems). We envision a day when computer-based authoring tools may be used not only to encode a written guideline but to create guidelines de novo, allowing domain experts to follow a rigorous process of defining the events and decisions that must be considered and defined for a given clinical situation. This would allow the merging of steps 1 and 2 in the four-step process outlined in Figure 1 , and is one of the longer range goals of the InterMed work.
THEORETICAL FRAMEWORK
The term "representation" is central to cognitive science 7 . Representations can be either internal (cognitive) or external (physical) 8, 9 . We will use the term "external representation" to refer to the physical representation, such as a written clinical guideline or the printout of a computer program; and the term "internal representation" to refer to the mental "image" in a person's head.
Thus, external representations are physical symbols and physical constraints of those symbols in the external world (e. g., spatial relations between symbols), whereas internal representations are knowledge stored in the human working memory system, and therefore are limited by the capacity of working memory. The development of an internal representation is limited by declarative knowledge (i.e., factual as opposed to procedural knowledge of a domain). A problem solver must develop a mental representation of the problem in working memory, which depicts how that person sees the problem-an individualized interpretation of the external information.
Given the importance of external and internal representations for understanding the process of interpretation and translation of clinical guidelines into GLIF, we will discuss some concepts relevant to the generation of representations.
Understanding Guidelines Expressed as Text
In the present study, we have used cognitive theories to investigate the processes of representation and interpretation during the GLIF translation process (i.e., during the process of encoding a text guideline into GLIF, as depicted in Figure 1 ). The primary focus is the extent to which GLIF can be used for developing shared understanding of generic clinical guidelines, and subsequently translated into site-specific guidelines that can be accurately and efficiently used by practitioners. Assuming that the criteria of accuracy and efficiency are satisfied by the original written guideline-from which we began our study-the adequacy of the GLIF representation depends on two main considerations that should be traded off: (1) the equivalence of the original guideline and the development of representations using GLIF; (2) the flexibility of the GLIF representations for use in institutional settings with varying goals, priorities, cultures, and practical constraints.
The first consideration stems from the fact that standardized care can be compromised by differences in the way clinical guidelines are understood. Because of this, one of the central objectives of developing a shared computational language is the ability to construct representations that are equivalent to the original text guideline. There are two senses in which the original guideline and the GLIF-encoded representation can be said to be equivalent 9 : (1) informationally, and (2) computationally. Informational equivalence refers to the idea that all of the information that can be inferred from one guideline can also be inferred from the other. The original text guideline and its GLIF representation are thus informationally equivalent if they contain the same concepts and relations. On the other hand, two representations are computationally equivalent when an inference that can be drawn "quickly and easily" from one representation can also be drawn quickly and easily from the other representation. That inferences can be drawn "quickly and easily" means that the same cognitive operations (e.g., the same inferences) are performed when interpreting the two guidelines. If a relation is explicitly given in the original guideline and yet is implicit in the GLIF-encoded guideline, the two forms are not computationally equivalent; they require different cognitive steps and operations-mere retrieval or recall of information on the one hand, and a more complex reasoning on the other. As a result, it is possible that different inferences would be drawn when two representations are not computationally equivalent. Both informational and computational equivalence can be assessed by using methods of semantic analysis, as it will be shown below.
A second consideration that underlies the development of GLIF-encoded representations is flexibility 10 . A flexible representation is generic enough to be applicable to different sites or institutions, while allowing easy application to any specific site. This flexibility facilitates the generation of site-specific guidelines from generic, or site-independent, guidelines, which has become more important as researchers communicate and collaborate from various geographical locations. People across the world are now capable of accessing information, communicating, and engaging in collaborative projects through electronic media, such as email and the World Wide Web. Although this opens the door for collaboration never before possible, there is of course no guarantee that these collaborative efforts will be successful. For communication, and therefore collaboration, to be successful, the information has to be interpreted in accordance with its intended meaning. However, information can be interpreted at different levels of abstraction, leading to different representations. There is also the danger that the shared information may be too general to be used in any particular context. The clinical guidelines being addressed by the InterMed collaborators are intended to be used across multiple institutions for a variety of purposes, including teaching, screening and disease prevention, treatment and management of patients, and generating reminders or alerts through event monitors that are triggered by data entered into a patient's record. A guideline that is developed for one of these purposes might not be easily adapted to fulfill a different purpose. And even if the general purpose of the guideline is the same, it must be possible to accommodate the particular priorities and institutional constraints at each site.
In response to this need for flexibility, GLIF was designed so that it would be implementation neutral 3 . That is, GLIF was designed such that it is sufficiently general to be used for a wide variety of purposes in a variety of settings. However, its flexibility must be balanced with the inclusion of details necessary for informational and computational equivalence. Too much information will limit the flexibility of the guideline for use across institutions, hindering the efficiency that such a project was designed to provide. In contrast, too little information will increase the possibility of alternate, possibly erroneous, and or even dangerous interpretations. In fact, earlier evaluations of the GLIF-encoded representations of the flu vaccine and the breast-mass work up guidelines showed that different recommendations would be given based on the same clinical case, depending on whose GLIF encoding of the guideline was followed 3 . Reflecting the attempt to reach the fine balance between equivalence and flexibility, such studies have led to extensions and clarifications of GLIF, which remains an evolving language as more experience is gained with its use. The difference in recommendations reflect a lack of informational and computational equivalence, which can be investigated by focusing on the cognitive processes underlying the development of GLIF-encoded guidelines (examples of GLIF encoding can be found in 3 ). By investigating these processes, we have sought to describe some of the potential risks to the suitability and efficiency of this project, and the processes through which some of these risks might be prevented. Before describing our study methodology and results, we will review in the next section our motivating theoretical framework concerning the construction of internal representations in the process of interpreting written information, such as written guidelines.
Construction of Internal Representations
The Differences in the construction of the situation models are supported by research in medical expertise 12 . Many studies of medical expertise, which focus on differences in subject-matter knowledge in medical tasks, have shown that people differ in the nature and form of the mental representations they build from clinical information 12, 13 . Experts represent medical information at a high level of abstraction, whereas novices represent it at a lower level [13] [14] [15] [16] [17] . For instance, a novice may recall literal information or make inferences which consist of simple operations, such as interpreting "temperature of 41°C" as "fever". In contrast, an expert can interpret clinical information involving longer chains of inferences and reasoning, for instance, encoding "BP 200/120 on left arm and 110/70 on right arm" as "aortic dissecting aneurysm" 12 .
These research results suggests that, depending on their level of experience (e.g., years of practice, familiarity with particular diseases) and prior knowledge, different physicians are likely to interpret the same clinical guideline in different ways. If two external guideline representations are the same (i.e., they are informationally and computationally equivalent), their textbases should be equivalent, given that they reflect the literal meaning of the guideline. However, the preservation of the textbase alone is not sufficient to maintain this equivalence in the construction of the GLIF-encoded representation. The problem is that it is the situation model that provides the context for interpreting the guideline in a clinically meaningful way. having the appropriate situation model allows overcoming errors, filling gaps, "disambiguating" procedures or temporal sequences, and reorganizing the information, both in the process of constructing external GLIF-encoded representations of the original text and when using the guideline in clinical practice. Thus, because their situation models are different, when given to both expert physicians and less expert physicians, the same information can lead to different GLIF however, involves some additional aspects that are not apparent in the individual interpretation process; one important aspect, the negotiation of "shared" situation models is introduced below.
The Development of Shared Representations: Collaboration and Cooperation
Collaboration in scientific and technological fields has engendered recent interest in many different disciplines, including education 18, 19 , information science 20 , social psychology 21 , sociology 22 , management 23 , and artificial intelligence 24 . This growing interest has been particularly motivated by the increasing need to share resources among different research laboratories 25 and by the possibility of collaboration among distant people, facilitated by advances in computer-based communications and networking 26 .
Collaboration refers to a process whereby different people have a commitment to pursuing a common goal 24, 27 The theoretical framework outlined above suggests some possible hypotheses about the likely outcome of the study. According to comprehension theory, it is expected that different situation models will be constructed, especially among individuals with different domains of expertise.
Given their knowledge of the domain, it is likely that physicians will add implicit procedures, concepts, and relations from the biomedical and clinical domains, as they construct GLIF representations. In contrast, computer scientists are likely to limit themselves to the medical concepts that are given by the original guideline. Not only the types of knowledge used (e.g., explicit, implicit; biomedical, clinical) are likely to differ, but also their organization. Previous studies in medical expertise have shown that experts organize their representations in a top-down fashion, paralleling the hierarchical ordering of medical knowledge 32 . With prior knowledge and experience of medicine, experts are able to chunk clinical data into higher-level concepts, which subsume lower level concepts. In contrast, without much knowledge of the underlying relations between the concepts, nonexperts must rely not only on the surface information in the text, but also on the organization that is imposed by the text. The hierarchical organization of their knowledge allows experts to make rapid decisions, without having to consider many alternatives 33 . Therefore, when interpreting a guideline, experts are more likely to include only the necessary steps, without having to consider all alternatives.
METHODOLOGY
The present study was designed by InterMed's evaluation team from McGill University to examine a subsection of InterMed's guideline translation process, namely the development of GLIF representations of an existing text version of guidelines by subjects at Columbia, Harvard, and Stanford Universities. This examination requires a detailed characterization of the knowledge structures and the reasoning processes involved in translating the text guideline into GLIF. Our characterization is founded on a cognitive-science approach to the study of human thinking and behavior. Research in the cognitive and social sciences most often utilizes theoretical frameworks and models which do not provide precise predictions. This research capitalizes on the detailed investigation of processes looking for general trends in the existence of certain psychological phenomena (such as directionality of reasoning). Generalizability here is the second stage of the study, where these phenomena are tested under various conditions of applicability (e.g., directionality of reasoning under emergency and primary care conditions).
This is unlike epidemiological research, where generalizability is a primary concern. and where the phenomenon under investigation may not be true. These two methods can be viewed as complementary ways of investigation. Our research utilizes strategy 34 characterized by the detailed analysis of a few subjects, and the mapping of the perceptual and cognitive steps underlying observable behavior, focusing on individuals' specific organization of knowledge structures and sequences of reasoning steps . Our main source of data consist of verbal protocols 35 The approach developed in this paper reaches these goals through the following methodological steps. First, a cognitive task analysis is carried out by specifying the knowledge and information processing capabilities humans have, and how these are used in a specific task with particular focus on the goals, the underlying assumptions, the domain knowledge, and the reasoning steps necessary to perform the task. A task analysis is a job description, but in terms of psychological demands that the job makes upon the person. Second, after this task analysis has been completed and used for the development of a detailed, predictive model, an empirical investigation of the subjects is carried out. Third, the behavior of the subjects is analyzed and compared to the results from the task analysis, so that inferences can be made relating the observed behavior to the theoretical model. The extent to which the observed data fit the theoretical model is taken as evidence of the psychological validity of the model. We have explored this approach in the study of medical problem solving, comprehension, and reasoning in laboratory-based psychological investigations of clinical performance 13 . Subsequently, we have engaged in field research to test, refine, and apply our theories and methods to real-world contexts (e.g. medical and surgical intensive care units) and problems 36 . The theory has informed practice, and in turn we have gained substantial insight from practice to inform and extend our cognitive theories 37 .
Applying this cognitive science approach to the investigation of the translation process, we will focus on the development of internal representations intermediate to the original paper-based guidelines and GLIF-encoded representations. Internal representations are predicted to be the main source of variation as individuals contextualize the given information at this point of the translation process. More specifically, it is expected that internal representations will diverge from the original external representation (paper-based guideline) with added details, the reorganization of information, and the resolution of ambiguities such as temporal relations 38 .
Due to differences in expertise among individuals, we also predict that internal representations will vary across individuals; the nature of the details added, the way that the original representation is reorganized and the ambiguities that are resolved are expected to be a function of the information stored in long-term memory (which is built up from prior knowledge and experience). Our aim is to study these internal representations developed in working memory and the relationship they have to expertise. Coinciding with this, we hope to facilitate the standardization of the GLIF encoding process and to suggest ways to increase the accuracy of the GLIF representations for clinical use.
As internal representations are not directly accessible for analysis, we propose an alternate way of investigating the differences that emerge in the translation from paper-based guidelines to GLIF-encoded representations. We infer the content and structure of the internal representations based on (1) participants' verbalized interpretation of the original external representation (the paper form of the guideline) to the final form of external representation (the GLIF-encoded representation), and (2) the final GLIF itself. Furthermore, we compare these interpretation processes and final products among individuals of different domains of expertise. Through analysis of interpretation process and the GLIF-encoded representations, differences that emerge that are analogous to the predicted differences in the construction of internal representations may be attributed to the internal processes themselves.
Our inquiry into the interpretation of paper-based guidelines and translation into GLIF representations involved participants at three InterMed sites. More specifically, our study focused on the developers and implementers at Columbia, Harvard and Stanford who were asked to generate GLIF representations in their natural, everyday work environment. We asked these computer scientists, physicians and medical informaticians to translate a paper guideline (text and flowchart) into GLIF format. In addition, to examine one possible solution to guideline variability, some participants were asked to develop GLIF representations in collaboration with others. A clinical guideline for the management of encephalopathy 39 , was selected for two reasons: it was easy to access and it was not familiar to any of the participants, who had worked on other previous InterMed guideline translations.
The subjects who were observed during the construction process included: a) at Columbia, a participate without any prior knowledge of GLIF or the details of the InterMed project. We consider this "opportunistic" research where, in the midst of observing a subject encode a guideline, we realized that some medically-related questions needed to be clarified. We took this opportunity to approach a physician to work in collaboration with the subject (computer scientists) to complete the encoding.
The data were collected over a period of two weeks. At each of the three sites, each subject was asked to (a) read the original guideline, and (b) think aloud as he or she encoded the natural language into another language using GLIF, making notes if he or she wished. It is assumed that these data reflect information that individuals have in working memory during problem solving 35 . At the sites where two or more people were involved in the construction of the GLIF representation, the interactive dialogue of the guideline translation-process was also recorded.
Written notes, diagrams, and computer screen snapshots that the participants constructed were also collected for analysis. The participants were asked not to discuss any part of this project until all of the data were collected. Compliance with this request was verified (since we had access to most InterMed communications, including, e-mails, conference calls, and telephone communication.
The data derived from individual participants' protocols were transcribed and analyzed using methods built of propositional and semantic representations 12 . Based on these methods, coding of the protocols involved an analysis of the following four elements (presented schematically in Figure 2 , and illustrated by the analysis of one individual's protocol given in Figure 3 ):
INSERT FIGURE 2 ABOUT HERE
(1) the concepts described in the protocols (e.g., encephalopathy and physical examination), (2) the properties of these concepts, such as whether it is a motor-action step or a decision-action step (e.g., the performance of a physical examination and the consideration of CT brain scan), (3) the relations among concepts (e.g., that the administration of drugs, is related to both the history review for possible etiology and the performance of blood samples), and (4) the nature of these relations, including whether they are to follow one another in time, or if they are a sub-component of another concept (e.g., the administration of drugs without delay and that the different physical tests are organized as sub-components of physical examination)
These concepts and relations were presented as a semantic network. Within these networks, the concepts are presented as nodes and relations between concepts are depicted either as links or as embedded structures (for hierarchically organized concepts). Declarative information that could not be captured simply as nodes or links, such as questions of ambiguity, temporal relations, and organizational themes, are added as adjacent notes.
INSERT FIGURE 3 ABOUT HERE
Differences in the inclusion of details, organization of concepts and treatment of temporal relations were the primary focus of our comparison. However, in order to do justice to the complex processes involved in the translation process, we supplemented our analysis of declarative and procedural information with a detailed description of how each of the GLIF representations was developed over time. This descriptive account was used as further verification of the role of internal representations and long-term memory; through investigating the manner in which the task was approached and completed, describing the degree of reliance on the original paper-based guideline, and the discussion of possible ambiguities (whether or not they were resolved), the analysis captured details that also support the role of expertise in the construction of internal representations. For example, although an individual may be unaware of how to represent a certain relation in GLIF, the awareness of a potential problem may be a sign of increased expertise.
In the analysis of the collaborative construction of GLIF representations, we required additional methods to those used for examining the individual construction process. In order to examine the flow and management of information, the addition of knowledge and the coordination of the participants within the dialogue, a descriptive coding scheme was developed that involved parsing the dialogue into goal-based episodes, where a goal is defined as a specific point (change in topic) that is introduced. Each occurrence of a change in goal was coded as a new episode. Each episode was coded for the following: Illustrating this coding scheme, an excerpt from the coding of the dialogue during the collaborative translation process at Harvard is given in Appendix 1. It presents the analysis of each episode in terms of the goal, the number of conversational turns, the participants, and the type of exchange. We investigated the processes of interaction and the collaborative development of GLIF representations, including the management and elicitation of information through strategies such as "question and answer", and the specific similarities and differences between individual and group representations.
RESULTS
Analysis of the protocols generated during the development of GLIF representations of the encephalopathy guideline show significant differences in structure and content as a function of domain expertise. The individual representations were constrained by implicit and explicit knowledge of the domain resulting in differences in 1) level of detail provided (text and situation knowledge), 2) organization of knowledge, such that different reasoning patterns were generated, and 3) knowledge of the procedural nature of the domain from practice to represent temporal sequencing of events. We also found that differences emerged as a result of GLIF development (technical environment), demonstrating external as well as internal constraints on the translation process. Examination of the processes of generating collaborative representations demonstrated some of the strategies used to communicate and negotiate expert knowledge during the translation process, where domain knowledge was made explicit through dialogue with others less experienced in the medical and computer science domains.
(1) Level of detail
The present analysis of the protocols generated during the development of GLIF representations revealed differences in the representation of detail, especially between the physician and the computer scientists. Illustrating these differences, Figure 4 gives fragments of the semantic networks of the protocols generated by the physician and one of the computer scientists. The Stanford physician (SP) supplements the guideline by adding the procedures of checking for supporting airway, breathing and circulation, and the clarification of the temporal relations between steps (Figure 4a ). This added detail is not included in the GLIF representation developed by the computer scientists. For example, SCS1 keeps the procedures simple, adding little knowledge to the text base (Fig 4b) . Without the same degree of experience in the medical domain, the computer scientists were found to rely more heavily on concepts that are explicitly represented in the text. However, some of the computer scientists added details relating to their area of expertise such as the location of branching and null steps. These findings are consistent with our predictions based on the theories of text comprehension and expertise, in that the subjects, constructed situation models that match their own experience in their domains (computer science, medicine). A consequence of the differences in added detail is that the physician's GLIF representation gives a deeper explanation of the process (explanatory model), which in turn leads to a clearer outline of the task (performance model) (Figure 4a ). With limited contextualization, the explanatory model developed by the computer scientists is incomplete, leading to possible implications for the use of these external representations in a clinical setting (Figure 4b ).
INSERT FIGURE 4 ABOUT HERE (2) Knowledge Organization
The GLIF -generated representations developed by the physician and the computer scientists also show differences in the organization of medical concepts. Illustrating these differences, the Stanford physician's representation shows increased organization of the concepts with higherlevel, compact macrostructures, coherent relations among concepts, and a high degree of differentiation between levels of granularity (e.g., procedure types and symptoms) (Figure 5a ). In contrast, the representations developed by the computer scientists are bottom-up, with lowerlevel concepts dominating, and not hierarchically organized. For example, SCS1 represents symptoms such as "reactive pupils", "asymmetrical examination" and "no evidence of head trauma" as one step, and "review of history "as another step. These organizational differences are supported by the fact that medical knowledge is organized in a hierarchy, with clinical information at the top level followed by pathophysiological and basic sciences at lower levels.
Organizational differences were also found in the degree of branching. 
INSERT FIGURE 5 ABOUT HERE (3) Temporal relations
Differences were found in the encoding of temporal information. Illustrating this, SCS1 was unable to include accurate temporal relations between steps (Figure 6a ). More experienced in medicine, SCS2 did not rely on the guideline to determine how the steps are to be followed, and instead requested consultation with a physician. At the other extreme, the physician added specific temporal relations (Figure 6b ). This variation is supported by theory of the processing of temporal information. Without knowledge of a domain, temporal relations can be inferred through the order of presentation and spatial relations between steps in a text or a flowchart.
However, due to the implicit nature of temporal information, without prior experience in the domain, these inferences may be misleading 38 . As many relations are difficult to include in text form without the addition of extensive detail, such as when describing the degree of overlap between procedural steps, variation would be predicted as a function of knowledge of the practical domain.
INSERT FIGURE 6 ABOUT HERE (4) Constraints of the computer environment
Although not part of the original hypotheses of our study, differences were also found to emerge as a result of the computer environment that was used for developing GLIF representations; the two computer environments used for encoding the encephalopathy guideline 
INSERT TABLE 1 ABOUT HERE
A more detailed analysis of HIN demonstrates some of the strategies that were used in the construction of this collaborative GLIF representation. Although "question and answer" was the main mechanism for adding information to the representation, discussing differing, or conflicting opinions regarding the representation also played an important role (Table 1) . On average, the discussion of conflicting views in the interpretation process involved more conversational turns than the episodes that centered around questions and answers (Table 1 ). Yet through elaborating the reasons why the conflicting individuals should interpret the guideline in a particular way, the participants discussed the underlying knowledge that would have otherwise remained implicit.
As the interaction involved the coordination among the participants, much of the discussion was found to be devoted to the management of the collaborators in the developmental process, through discussion of aspects such as the coordination of the participants with respect to the part of the guideline that was being translated at any particular point in time, rather than focusing solely on the representational task. Accordingly, in addition to requiring the development of shared mental models of the goal of the collaborative enterprise, some of the exchange also focused on the management of the dialogue, the purpose of the task at hand, and the limitations of developing the GLIF representation.
Some differences emerged from a comparison of the GLIF -generated representation that is developed by the collaborative effort (HIN) and the one that is developed by an individual physician (SP). Although the physician included many details, some remaining ambiguities were identified by individuals with less experience in the medical domain who noted that key concepts
were not included in the physician's representation. Thus, through the collaborative effort, those aspects that might be improperly interpreted by those with less experience in the domain can be Negotiation itself leads to a representation that can be safely and efficiently used by individuals with differing levels and domains of expertise, priorities, goals and institutional constraints.
There is a trade-off between including generic information and encoding the underlying situation model. The first task must be context free, whereas the second task must be specific to the domain. The inclusion of both the generic and specific information as multiple layers appear to be important in the translation process. The physician provides context to the GLIF representations, and those with less expertise narrow down the contextual information in the final GLIF representation. The result is to include only that which is necessary for the accuracy of the final GLIF representation in its clinical use, helping to assure reusability with minimal local adaptation.
DISCUSSION
By investigating the cognitive processes that underlie the development of individual internal representations, human-machine interaction, and collaboration, we have sought to describe some of the potential risks to the accuracy and efficiency of guideline encoding, and to identify the processes through which some of these risks might be prevented. The problems arise due to a number of factors. The first is that experts interpret information differently than non-experts. We found many differences in the way physicians encoded the encephalopathy information when compared with computer scientists. When solving familiar real-life problems, experts often skip steps during the inferential process 12, 40 , whereas as a trainee depends unnecessarily on details. Furthermore, there is an assumed knowledge and understanding that does not have to be made explicit when one physician talks with another physician. The writer of the original encephalopathy guideline wrote it to communicate with other physicians who had similar knowledge and accordingly left out a number of "obvious" steps leading to the decisions.
The second problem arises when this guideline information is being translated into a structured computer language. Here, every step has to be clearly stated in the procedure if the rules to be executed properly. Thus the missing information may be inserted by a computer scientist working alone and this is where inaccurate inferences can be generated. However, when working together with physicians, the ability to detect errors is enhanced by differences in perspectives provided by various members of the team, through a process of negotiation. If a relation is explicitly represented in the original guideline yet is implicit in the GLIF representation, the two forms are not informationally and computationally equivalent. Without computational equivalence, inferences from the GLIF representation will not be made as quickly and as easily as with the original form. Without informational equivalence, it is also unlikely that the same inferences would be derived from both the GLIF representation and the paper guideline.
The computer scientists focus on the surface information when given a text description of a problem in a domain with which they are largely unfamiliar. Physicians, familiar with such clinical problems, include the underlying clinical situation in their internal representations, which go beyond the surface features of the decision task. In addition, physicians with various levels of expertise will derive models with different levels of granularity in representing the problem situation. The investigation of the process through which different people negotiate a shared understanding of a common GLIF-encoded representation point to a solution to the problem of the existence of multiple potentially conflicting models. One of the advantages of GLIF is that it seeks to satisfy the criterion of generality; the guidelines that are represented in GLIF are intended to be used across different contexts, settings, and times. This flexibility requires a relatively abstract level of detail within the guidelines. If, on the other hand, temporal relations were given explicitly, the number of detailed specifications required at each step would increase and significantly constrain the general applicability of the GLIF-encoded guideline representations. Similarly, physicians constrain the generality by making the GLIF-encoded representations situation-specific.
Thus, the cooperative and collaborative efforts we studied have identified some of the processes involved in developing a shared guideline representation, and suggest ways to develop more complete and accurate GLIF representations for future use. The results suggest that the developmental process for a GLIF-encoded representation must involve the active participation of both physicians and computer scientists at each stage in the evolution of the guideline's translation. It will be important to study whether some of the benefits of collaborative encoding of guidelines can also be achieved through the enhancement of authoring tools that will increasingly be used for our future GLIF-encoding work. Given the collaboratory's efforts to meet the challenges of resolving guideline ambiguity, GLIF and its use offer intriguing new tools for clinical practice and research. 
